A fully automated, solid-to-solid weighing workstation (patent pending) is described in this article. The core of this automated process is the use of an electrostatically charged pipette tip to attract solid particles on its outside surface. The particles were then dislodged into a 1.2-mL destination vial in a microbalance by spinning the pipette tip. Textures of solid that could be weighed included powder, crystalline, liquid, and semi-solid substances. The workstation can pick up submilligram quantities of sample (≥ 0.3 mg) from source vials containing as little as 1 mg. The destination vials containing the samples were stored in a 96-well rack to enable subsequent automated liquid handling. Using bovine serum albumin as test solid, the coefficient of variation of the protein concentration for 48 samples is less than 6%. The workstation was used successfully to weigh out 48 different synthetic compounds. Time required for automated weighing was similar to manual weighing. The use of this workstation reduced 90% hands-on time and thus exposure to potentially toxic compounds. In addition, it minimized sample waste and reduced artifacts due to the poor solubility of compound in solvents. Moreover, it enabled compounds synthesized in milligram quantities to be weighed out and tested in biological assays. (Journal of Biomolecular Screening 2005:524-531) 
INTRODUCTION
W EIGHING OF SOLID SAMPLES is a tedious yet essential task in the pharmaceutical industry. Current operations to weigh solid samples are largely performed manually. This is largely due to the complexity of the weighing operations and the variability in the texture of samples. With the increase in throughput of chemical synthesis and the vast number of compounds deposited in the sample bank, there is a great need to automate the process of weighing submilligram quantities of compounds into destination vials in a 96-well format for subsequent biological screenings. The difficulty in distributing solids has led to the development of a liquid sample bank (e.g., REMP), in which compounds are dissolved in solvents such as DMSO and are stored as 10-to 30-mM stocks. The liquid samples are distributed by liquid handling for subsequent screenings. This strategy is suitable for compounds that are soluble and stable in DMSO but not for compounds with poor solubility. In our experience in the neuroscience area, a significant portion (20%-30%) of compounds precipitate out of solution and/ or stick to the wall of the storage container upon prolonged storage in DMSO. It is for the above reason that most compounds synthesized in the chemistry labs in our department are usually delivered to the biologists in solid form to be screened. Under our current procedure, the chemist delivers a few milligrams of compounds in a source vial. The biologist then weighs about 0.3 to 0.5 mg of the compound from the source vial into another 1-dram vial, calculates the volume of solvent needed for a given concentration, and adds the appropriate amount of solvent (usually DMSO) to the 1dram vial. The dissolved compounds are then transferred to a 96well plate for subsequent serial dilutions. In this process, there is significant waste as the compound remaining in the source vial is usually not used afterwards and not tracked. In addition, this timeconsuming and tedious task also exposes the operator to compounds with unknown toxicity.
Even though the need to automate the weighing process is well known, there is no fully automated workstation available to perform weighing of a submilligram quantity of solid compounds satisfactorily. Several automated solid weighing stations have been described in the literature. The Calli (Zinsser Analytic; www.zinsser-analytic.com) and the workstation modified from Zymark Prelude 1 both use negative pressure to pick up compounds and positive pressure to release compounds. The destination vials used in these systems are not applicable for pharmacological screening purposes, and there is no uncapping and capping mechanism of source vials to make the operation fully automated. A 3rd system is the Flexiweigh station manufactured by Bohdan (www.bohdan.com/flexiweigh.htm). This workstation uses a special cap with an Archimedes' screw to dispense solids by gravity after inversion of the source vial. This system cannot dispense sticky solids and requires a change to the specialized cap, which is both expensive ($3/vial) and takes up a large storage space. The cost of the caps and the space issue are especially apparent when managing millions of compounds in a sample bank.
The workstation described in this article can overcome all of the hurdles described above. It can pick up and dispense submilligram quantities of compounds from as little as 1 mg of compound from commonly used conical-bottom polypropylene storage vials to destination vials in a 96-well rack suitable for subsequent automated liquid handling. The workstation can pick up solids of almost any texture. In addition to saving a lot of hands-on time, the use of the workstation minimizes the amount of compounds needed for biological screening and extends the shelf life of compounds during storage.
MATERIALS AND METHODS
The Mitsubishi RV2AJ 5 axis robot was from Rixan (Dayton, OH). Micro balance (MT5) was from Mettler-Toledo (Columbus, OH). Gripper hand (MHS4-400) was from SMC Pneumatic (Peabody, MA). Tool plate master (QC5) and tool plate (QC2512) were from ATI Industrial Automation (Apex, NC). Bar code scanner was from Advanced Data Capture (Concord, MA). Air compressor, model ACMP, was from Newport (Irvine, CA). GENESIS 200 liquid handler was from TECAN with operations controlled by Gemini 3.2 (Durham, NC). The Mitsubishi robot was controlled by the Melfa software from Mitsubishi. Software for compound identification and compound dilution were developed in-house. Pipette tips with aerosol filter, 1-dram screw-cap vials, and 2-mL polypropylene conical-bottom screw-capped vials were from VWR (West Chester, PA). The 1.2-mL polypropylene tubes in a 96-well rack were from Denville Scientific (South Plainfield, NJ). Steel wool (grade: coarse or fine) was from Rhodes American (Bellingham, WA). Figure 1 shows the layout of the setup of the robotic weighing station. The key piece of the instrument was the Mitsubishi robot that could be connected to different gripper hands to pick up either the source vial or the destination vial. It could also pick up a custom-made spinner hand that had a motor with an adapter to pick up the pipette tip. The controllers for the various devices (Mitsubishi robot; the pneumatic devices to direct the opening and closing of the gripper hands; source vial gripper; pipette tip remover; and the microbalance) were located underneath the workbench. The bar code scanner on the deck was for sample identification. In addition, a rotator device was located next to the source vial gripper to rotate the vial during different cycles of sample pickup. A laptop computer was used to control the robotic operation and data collection. The dimension of the workstation was (1 × 0.6 × 1.5 m [W × D × H]) and could be placed in any ordinary laboratory. Figure 2 shows a flowchart of the robotic operations, described in detail as follows:
Instrument setup

Robotic operations
1. Pick up and place source vial in gripper and uncap vial. At the start of the sequence, the robot with the large pin gripper first picked up a source vial (screw-capped 2-mL conical-bottom polypropylene vial) from a rack. The vial was then moved to a position to be scanned by the bar code scanner. Afterwards, the vial was moved to the source vial gripper and uncapped by the large pin gripper. The large pin gripper hand was then released to its holder while the vial cap stayed in the gripper hand during storage. This minimized any cross-contamination that might occur if the cap from different vials was resting in a common position. The pneumatic gripper was spring-loaded so that, when disconnected from the robot without the air supply, it maintained sufficient pressure on the cap to hold it in the gripper.
Pick up destination vial and place vial in balance.
The small pin gripper was then connected to the robot to pick up a destination vial. The air pressure at this point was reduced by a regulator and pneumatic switching system to avoid damaging the destination vial by the gripper. The destination vial was moved to a position over the balance, the draft shield door on top of the balance was opened, the destination vial was inserted into the custom-made destination vial holder in the balance, and the vial was then released to drop to the holder. The small pin gripper was then moved up, and the draft shield door was closed. The small pin gripper was moved to its holding station position and released. At this point, a counting mechanism was introduced to monitor the number of cycles for sample pickup and pipette tip pickup.
Pick up dispense pipette tip, charged with static electricity.
The spinner hand was then picked up by the robot and was moved to the pipette tip rack to pick up a pipette tip. The pipette tip was then inserted into a 1-dram vial containing steel wool (grade: coarse or fine), such that about 8 mm of the tip was inserted inside the steel wool. The pipette tip was spun for a short duration (0.1 s) against the steel wool. Friction between the steel wool and the pipette tip introduced electrostatic charges to the outside surface of the pipette tip. The pipette tip was then moved to another empty 1dram vial and spun for 0.7 to 2 s to dislodge any steel wool particles that might be attached at the outside surface of the pipette tip. After the spinning, no detectable steel wool was observed to adhere to the pipette tip, and no significant increase in the weight of the destination vial was detected by weighing an empty source vial (not shown). In a separate experiment, no significant increase in weight was detected (lowest detection limit: 10 µg) after weighing an empty source vial 96 times using 96 different electrostatically charged pipette tips and spun in the same destination vial (not shown), and no significant iron content was detected in the destination vial by inductively coupled plasma mass spectrometry (sensitivity of detection: 0.001 ppm) (not shown).
Balance tarring, pick up of sample, and delivery to destination vial.
Afterwards, the pipette tip was positioned above the source vial. A signal was then sent by the robot to the balance to perform a tare to get a zero weight with the destination vial in the balance. The tare was completed when the weight from the balance was less than 0.01 mg; otherwise, another tare would be performed. The tare weight was stored in the database. The source vial was then tilted by the gripper at a 30°angle from the vertical axis, and the pipette tip was lowered into the source vial. The tilting facilitated access to the compound by the pipette tip. The step motor drive system was activated to rotate the source vial for approximately 3 revolutions. The rotation enabled the sample to come in contact and be attracted to the outside surface of the electrostatically charged pipette tip. The pipette tip was then moved to position above the balance. After the draft shield was opened, the pipette tip was moved down and into the destination vial, and the pipette tip was spun for 0.7 s. The pipette tip was then moved to position above the source vial. After the draft shield door was closed, a weighing cycle was performed in the balance. If the weight was less than 0.3 mg (or any specified weight), the pipette tip was returned to the source vial to begin another cycle of sample pickup and dislodging. This cycle would be continued until the specified weight was achieved in the destination vial. Once this occurred, the weight of the sample was sent to the computer, and the pipette tip was moved to a pipette tip removal station to detach the pipette tip from the spinner hand ( Fig. 1) . Afterwards, the spinner hand was released to its holder station. If the specified weight was not achieved after 3 cycles, the pipette tip attached to the spinner hand was removed and replaced with another pipette tip and electrostatically charged as described above to repeat the cycle. If the desired weight could not be achieved after using 5 different pipette tips (15 total cycles), the pipette tip would be removed, and the weight in the destination tube was recorded in the database. This is a fail-safe mechanism in case little or no compounds could be picked up from the source vial.
5.
Storing the destination vial. The small gripper hand was then connected to the robot and moved to the balance to pick up the destination vial. The vial was then placed in the same location that it came from at the 96-well rack. The small pin gripper was then released at this holder location.
6.
Storing the source vial. The large pin gripper hand that still held the source vial cap was then picked up. The source vial was then recapped and returned to its original position at the source vial rack. At this point, the system was ready to weigh out compound from another source vial.
Cross-contamination
The use of disposable pipette tips with an aerosol filter to pick up and dispense compounds minimized cross-contamination between samples. Also during the operation, the cap of the source vial was stored hanging in the gripper hand. The lack of contact of the cap with any surface minimized cross-contamination between samples.
Interface
The interface between the Mitsubishi robot controller and the electronic and pneumatic controls was accomplished by using the 32-line input/output (I/O) interface provided in the controller. The 16 I/O output lines were connected to two 8-section solid-state re-lay boards that converted 5-volt logic signals to 24-volt drive signals. These signals were connected to the 24-volt solenoids that control the pneumatic valves for the grippers. The motor in the spinner hand, which required 24 volts, was also controlled by these relays.
Data handling
After each weighing cycle, the net weight and the bar code information of the compound in each destination vial were recorded in the computer. The molecular weight of the compound was retrieved from the in-house compound database, and the data were exported to Excel (Microsoft, Redmond, WA) with data about the net weight, molecular weight, and the position of the vial in the 96well rack.
Sample dilution
To ensure that all the samples dislodged at the destination vials were at the bottom of the vial, the 96-well rack containing the vials was then spun in a Sorvall RT6000B centrifuge at 3500 rpm (2000 g) for 5 min. Each individual 1.2-mL destination tube in the rack was then diluted with the appropriate solvent by TECAN Genesis liquid handler using a dilution program developed inhouse based on the exported file from the weighing robot.
Protein assay
Protein concentration was measured by the BCA Protein Assay Kit (Pierce, IL). The sample was dissolved in water, pH 7.4. Then, 10 or 20 µL of the sample was added to a microplate containing 200 µL of the developing solution. After incubation for 60 min at 25°C, absorbance at 562 nm of each well was determined by a microplate reader. Subsequent data analysis was performed by Excel. Table 1 shows the comparison of the weight of bovine serum albumin (BSA) determined by the automated solid weighing workstation and manual weighing using another Mettler MT5 balance. At the submilligram quantities, the weights determined by the 2 balances were similar to each other. The average difference between the weights determined by the 2 balances was 5.2%. The analytical amount of weights delivered to the 1.2-mL polypropylene destination vial enabled samples (molecular weights range from 200-800) to be diluted to stock concentrations of 1 to 10 mM directly in the 1.2-mL vials. Because the vials were positioned in the 96-well rack, subsequent dilutions could be carried out automatically by liquid handlers (see below).
RESULTS
Accuracy
Fully Automated Solid Weighing Workstation
Reproducibility
The top panel of Figure 3 shows the reproducibility of the robotic weighing operation in weighing out from a single-source vial containing 100 mg of BSA 48 times to 48 different destination vials, with 0.3 mg being the target weight. The amount of BSA dispensed into the destination vials varied between 0.3 and 0.6 mg (mean, 0.44 ± 0.09 mg). This amount of sample is suitable for dilution by appropriate solvents directly in the 1.2-mL destination tube for subsequent pharmacological analysis.
After adding the appropriate amount of solvent to adjust to the same concentration by TECAN, the resulting concentrations (1.02 ± 0.06 mg/mL) were very similar across the samples (Fig. 3 , bottom panel, coefficient of variation [CV] = 5.9%). The final concentration was similar to the target concentration (1 mg/mL) programmed into the TECAN liquid handler. The above results suggest that the operation is highly reliable to weigh compounds, and the operation can generate nearly identical concentrations across the weighed samples. Similar results were obtained when BSA from 48 different source vials was weighed into 48 different destination vials (not shown). Also, similar reproducibility was obtained using a solid dye Orange G as a test solid (not shown).
Effect of amount of compound in source vial on the amount weighed and time needed
The top panel of Figure 4 shows the effect of increasing the amount of BSA in the source vial on the amount weighed into the destination vial. The robot was observed to weigh out 0.3 to 0.8 mg of sample from the source vial containing 1 to 200 mg BSA. Because between 20 and 100 mg of compound is normally stored in the 2-mL polypropylene conical-bottom source vial, the above results indicate that the electrostatically charged pipette tip can reliably pick up an analytical amount of compound suitable for subse-quent pharmacological studies. Even if the amount of BSA in the source vial was increased to 400 mg, the amount of sample weighed is below 2 mg. This weight is within the limit to constitute a 10-mM concentration in the destination vial (1.2 mL) for most synthetic compounds (molecular weight [mw] about 500). Samples were picked up mainly at the pipette tip surface that was charged. This strategy of sample pickup enabled the automated workstation to consistently weigh out analytical amounts from varying quantities of samples in the source vial (see also Fig. 5) .
The time required for weighing using the automated workstation varies with the amount of sample in the source vial and the minimal amount to be weighed. The bottom panel of Figure 4 shows the time needed to weigh out ≥ 0.3 mg of BSA from different amounts of BSA in the source vial. When the amount was ≥ 100 mg, only 1 cycle was needed to weigh out 0.3 mg. 2-mL polypropylene destination vial from the 96-well rack was first tarred manually in another MT5 microbalance. The vial was then placed into the 96-well rack at the automated solid weighing workstation. Indicated amounts of bovine serum albumin (BSA) were picked up from a source vial containing 50 mg BSA and delivered into each of the polypropylene tubes as described in Materials and Methods. The targeted weight was 0.3 mg. The weights determined by the automated workstation (to 2 significant figures) and manually (to 3 significant figures) are shown. The difference (%) between the 2 balances is the difference of the 2 weights divided by the observed weight in manual weighing × 100%. The average weight (± standard deviation) in these 5 trials was 0.37 ± 0.09 mg.
5 min. For a sample with only 1 mg, the length of time required was between 4 and 10 min. Table 2 shows a comparison between the automated and manual operations to weigh out 48 compounds. The time required for the automated weighing operation (3 min/sample) was slower than the manual weighing (about 2 min/sample). However, the time taken for labeling of the destination vial, data retrieval, and dilution for the manual operation was not necessary in the automated operation. The total time required for the 2 operations was similar. The hands-on time for the automated operation was about 10 min versus more than 2.7 h of manual operations, a reduction of more than 90%.
Comparison with manual operations
Throughput
Forty-eight compounds could be weighed out in 1 run of about 3 to 4 h. Two runs could be run during the day. The hands-free na-ture of the operation enabled overnight operation for 1 more run. This capacity (720 compounds/5-d workweek) is sufficient to support the compound optimization efforts for many synthetic chemistry projects.
Texture of solid that can be weighed
Because of the surface-to-surface contact nature by which solid samples were picked up and the samples dispensed using centrifugal force, solids of a wide variety could be weighed. These included powder-like substances (e.g., BSA, starch, glucose, CaCl 2 ), crystalline compounds (NaCl, Na 2 HPO 4 ), and even sticky substances such as honey and molasses. Furthermore, the pipette tip was observed to pick up liquified substances via capillary action into the inside of the pipette tip, and the liquid could be dispensed into the destination vial by the same spinning mechanism. The only requirement was that the compound to be weighed needed to be at the bottom of the source vial. This could be accomplished by batchwise centrifugation of the source vials before the weighing procedure. In cases where the compound could not be picked up by the pipette tip due to an insufficient quantity of samples at the bottom corner of the source vial, the workstation skipped to the next source vial after a specified number of trials (see Fig. 2 ). Figure 5 shows an example of weighing out an analytical amount from 48 different synthetic compounds (weigh-in source vial ranges from a few milligrams to 50 mg). Some of the samples were an oily, liquid-like substance. The weights delivered to the destination vials were between 0.3 and 1.2 mg. Samples in which the final weights were significantly more than 0.3 mg had a large particle size. Reduction of particle size of the sample would enable the final weight to be close to the target weight. For sample 42, there was an insufficient amount in the source vial to be picked up, and only 0.23 mg was weighed into the destination vial. These results demonstrate that the automated weighing station can be used routinely to weigh out an analytical amount of compounds of diverse physical properties for subsequent analysis.
Example of compound weighing
DISCUSSION
This article describes a novel, fully automated, solid-to-solid transfer weighing workstation. The key to the operation of this workstation is the use of an electrostatically charged disposable pipette tip for sample pickup. This approach enabled an analytical amount of solid with almost any texture to be weighed out, and even liquid and oily substances could be picked up by capillary action into the inside of the pipette tip. For sample dispensing, centrifugal force was used to dislodge samples from the pipette tip. Due to the small diameter of the pipette tip (outer diameter: 0.8 mm at tip), a large centrifugal force can be generated upon spinning the pipette tip to dislodge solids rapidly. Most of the compounds tested can be dislodged from the pipette tip upon a 0.7-s spin. Increasing the time of spinning (to 3 s) will dislodge even more sticky substances (such as honey and molasses, not shown). In addition to tremendous saving of hands-on time and reduction of the exposure to potentially toxic substances, the submilligram quantities (about 0.3 mg) of sample arranged in the 96-well rack are suitable for subsequent automated liquid handling to dilute to the desired concentration (e.g., 1-10 mM). Using the TECAN liquid-handling workstation, it took less than 5 min to dissolve all the samples to the desired concentration. Samples in the 96-well rack could further be diluted manually or by automated liquid handlers. 2 One important advantage in using the automated solid-to-solid transfer workstation is that it can maximize the usage and minimize wastage of compounds. Only submilligram quantity is taken from the source vial each time; the remaining sample in the source vial can be submitted directly to the sample bank. This operation would save more than 90% of the compound over the current pro-cedure, in which the biologist needs to weigh out submilligram quantities of compounds from a few milligrams of compounds delivered by the chemist, and the remaining sample is not usually used afterward. The ability to pick up submilligram quantities from only 1 to 2 mg of sample in the source vial and accurately determine the weight would also increase the efficiency of synthetic chemistry efforts. As only a few milligrams of sample are required for initial in vitro screening, compounds with poor yields from difficult synthesis can also be tested. Also, the shelf life of compounds in the sample bank can be increased, as only 1 to 2 mg present in the source vial is sufficient for each weighing operation.
The use of centrifugal force to dislodge samples from the pipette tip enabled samples to be delivered to the destination vial without changing its position in the microbalance. The destination vials thus were tarred and weighed in an identical position at the microbalance. This is important for weighing submilligram quantities, as a slight change in position of the destination vial in the microbalance can change the weight (not shown).
The automated operation enables compounds to be dissolved and screened in the same destination vials. This obviates the need to dissolve compounds in separate vials, followed by transferring the dissolved compounds into a 96-well rack for subsequent screening. Besides savings of manual hands-on time, the compounds in the destination vials can be dissolved just before any subsequent analysis to minimize solubility-related issues upon prolonged storage in DMSO, such as samples from the liquid sample bank.
This article described the use of a 2-mL conical-bottom polypropylene vial, which is commonly used in our chemistry labs to store and register compounds. The v-bottom vial concentrates the sample at the center for easy access by the pipette tip, such that the sample can be weighed from as little as 1 mg in the source vial. Besides the v-bottom vials, flat-bottom 1-dram (volume: 5 mL) glass vials can also be used. The tilting mechanism and subsequent rotation of the 1-dram vial would enable the pipette tip to be in contact with the sample at the bottom corner of the flat-bottom vial.
Steel wool was used in this study to generate electrostatic charges at the outer surface of the pipette tip. Other chemically inert materials can also be used to generate electrostatic charges on the pipette tip. These include glass wool and beads made from glass or polypropylene. Alternatively, the workstation can be modified to have a high-voltage capacitor to generate electric sparks to charge the pipette tip.
The reliability and flexibility of the Mitsubishi robot enable the automated workstation to accommodate different requirements for different operations. The example shown here is for the weighing of submilligram quantities of solids. For weighing an increased amount (e.g., 2-5 mg), more electrostatic charges can be introduced onto the pipette tip by inserting the tip deeper into the steel wool, spinning longer, or both. For an even greater amount (10-100 mg, e.g., in chemical synthesis and analytical chemistry), the workstation can be modified to use wide-orifice pipette tips and jam samples into the inside of the tip by up-and-down movements. Upon modification of the gripping device for the source vial, the setup can also be used for larger source vials (e.g., 4-dram vials) as needed. It can also be modified with the addition of stackers to manage compounds in a sample bank that handles a high-volume operation. Thus, the workstation can be used in chemistry, pharmacology, toxicology labs, or in the sample bank.
